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ABSTRACT 

Three  geometrically  similar  offset  rectangular  plate- 
fin  surfaces  with  area  densities  in  the  range  from  900  to 
2000  ft  /ftJ  were  tested  to  establish  the  heat  transfer, 

1-N-n  and  flow  friction,  f-N„  characteristics.  The 

xt_5  r\j 

Reynolds  number  range  was  from  60  to  3000.  One  surface 
was  unbrazed  while  the  other  two,  because  of  a  two-to-one 
difference  in  plate,  fin  and  offset  spacing  dimensions, 
were  characterized  by  different  degrees  of  brazing  "roughness". 

The  test  results  reveal  a  relatively  small  effect  of 
brazing  on  j-N„  but  a  significant  influence  on  f-IL,  with 

riy  rtj 

a  35  to  50  percent  higher  friction  for  the  brazed  surface. 

There  is  an  "area  penalty"  of  l4  percent  due  to  brazing 
associated  with  the  complete  coverage  of  the  interface  area 
at  the  brazed  joints.  The  magnitude  of  this  penalty  depends 
on  the  geometry  of  the  surface. 
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NOMENCLATURE 


English  Letter  Symbols 


a 

A 


A 

A 

b 


f 

fr 


c 

D. 

d 

f 

G 


h 


K 


c 


K 

e 


k 


L 

£ 

M 

n 

nf  in 

noff 

nplate 

P 

P 


Plate  thickness,  in.,  ft. 

p 

Total  heat  transfer  surface  area,  ft 

Free  flow  area  on  one  side  of  the  heat  exchanger 
„ ,  2 

core,  ft 

2 

Fin  or  extended  surface  heat  transfer  area,  ft 

2 

Frontal  area  of  one  side,  ft 

Plate  spacing,  distance  between  plates,  in.,  ft 

Fin  pitch,  in.,  ft 

Hydraulic  diameter,  Db  =  4r,  ft 

■ft  rif 

Plate  center  to  center  spacing,  d  =  b  +  a,  in., ft 
See  non-dimensional  grouping  below 
Gas  mass  flow  velocity  through  the  core  based  on 
A  ,  lb m/hr  ft2 

Proportionality  factor  in  Newton's  Second  Law, 
g  =  32.174  lbm  ft/lbf  sec2 

Air  or  gas-side  convection  heat  transfer  con¬ 
ductance,  Btu/(hr  f t2 °F) 

Entrance  and  exit  flow  loss  coefficients,  defined 
in  [2],  dimensionless 

2 

Thermal  conductivity  of  the  fluid,  Btu/(hr  ft 
°F/ft ) 

Test  core  length  in  flow  direction  (plate  length), 
in . , ft 

Fin  length  or  offset  spacing  length,  in.,  ft 
Test  core  mass,  lbm 

Number  of  cells  in  a  flow  cross  section 

Number  of  fin  centers  in  the  test  core 

Number  of  offsets  in  the  flow  length,  see  Table  V 

Number  of  plates  in  the  test  core 

2 

Pressure,  lbf/ft 

Wetted  perimeter  of  the  cell,  in.,  ft 


ix 


p 

r 

t 

t 

Y 

W 

w 


h 


fl 


Porosity  of  the  core,  dimensionless 
Hydraulic  radius,  defined  by  A  L/A,  ft 
Temperature,  °F 

Fluid  temperature  just  after  the  step  change,  °F 
Flow  velocity  or  total  heat  exchange  volume,  ft^ 
Width  of  the  test  core  in  the  direction  normal  to 
the  stacking  of  plates  and  fins,  in.,  ft 
Air  flow  rate,  lbm/hr 


Greek  Letter  Symbols 


a 

P 


5 

M- 

P 

T 


* 

T 


Ratio  of  total  heat  transfer  area  of  one  side  of 

2 

the  heat  exchanger  to  total  exchanger  volume,  ft  /ft 
Heat  transfer  area  density,  ratio  of  total  heat 
transfer  area  on  one  side  of  a  plate-fin  heat 
exchanger  to  the  volume  between  the  plates  on  that 
side,  ft2/ft^ 

Fin  material  thickness,  in.,  ft 

Overall  surface  temperature  effectiveness,  dimen¬ 
sionless 

Fluid  dynamic  viscosity  coefficient,  lbm/hr  ft 

o  ■ 

Fluid  density,  lbm/ft^ 

An  equivalent  surface  shear  stress  due  to  flow 
friction,, including  form  drag  as  well  as  skin 
friction,lbf/ft2 

Dimensionless  time,  r*=  ~  (0  -  |j~) 


Nondimensional  Grouping 


f 

j 


K  K 

c,  e 

NNu 


2 

Fanning  friction  factor,  r/(p  V  /2g  ) 

Colburn  heat  transfer  modulus,  Ng.^  Npr  2/3 
See  above 

Nusselt  number  for  fully  developed  laminar  flow, 
hDh/k 

Prandtl  number, pc  /k 


x 


N 

N 


R 

R,i 


St 

tu 

* 

f 

* 


'S 

a* 

i* 

6* 

Suffix. 


© 


Reynolds  number  based  on  hydraulic  diameter, D^G/ii 
Reynolds  number  based  on  uninterrupted  fin  flow 
length, £g/h 
Stanton  number,  h/G  c 

P 

Number  of  heat  transfer  units. hA/wc 

9  P 

Fluid  temperature,  (tf-t^)/(t^,^-t^) 

Wall  temperature,  (ts-ti)/(tfl- t1) 

Aspect  ratio  of  flow  passages,  (b-6)/(c-5) 
Dimensionless  fin  offset  length,  i/4r^ 
Dimensionless  fin  thickness*  6/4 r. 

Constant  wall  heat  flux  per  unit  length  of  the 
duct  with  uniform  peripheral  surface  temperature 
Constant  wall  temperature 
Fluid 

Solid  or  wall 

Initial, i . e . ,  at  time  9=0 
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INTRODUCTION 

Heat  exchangers  employing  high  area  density  surfaces 
are  of  continually  increasing  technical  importance  "because 
of  one  or  more  of  their  potential  advantages  --  low  cost, 
light  weight  and  low  bulk.  With  higher  area  densities, 
however,  several  problems  assume  a  more  important  role. 

These  are  the  influence  of  fouling;  the  requirements  of 
closer  controls  on  the  flow  passage- to-passage  dimensional 
variations  and  fin  leading  edge  details;  and  the  possibly 
significant  influence  of  brazing  on  the  details  of  the  flow 
passage  geometry  which  in  turn  will  influence  the  heat 
transfer  and  flow  friction  characteristics.  In  less  com¬ 
pact  surfaces,  -because  of  the  larger  flow  passage  dimensions 
these  problems  are  less  demanding. 

The  influence  of  fouling  is  so  dependent  on  the  details 
of  heat  exchanger  service  conditions  that  no  definitive 
simple  answers  are  available.  For  highly  compact  surfaces 
it  appears  that  service  applications  must  involve  reasonably 
clean  fluids.  The  importance  of  manufacturing  tolerances 
has  been  considered  quantitatively  in  [1]\  The  importance 
of  aerodynamic  cleanliness  of  the  leading  edges  of  inter¬ 
rupted-fin  surfaces  is  discussed  in  [2],  It  is  the  objective 
of  this  report  to  present  some  limited  information  relating 

to  the  influence  of  brazing.  An  additional  objective  is  to 

2 

provide  some  better  heat  transfer,  j-N^,  and  flow  friction, 
f-N^  design  data  for  a  highly  compact  offset  rectangular 
plate-fin  surface  over  a  wide  range  of  Reynolds  number, 

60  to  3000. 


1.  Numbers  in  the  bracket  denote  the  numbered  references 

on  pp.  vii-viii.  ^ 

2.  The  present  data  for  Core  501  should  be  used  in  li'U  of 
the  information  previously  presented  in  [3]. 
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DESCRIPTION  OF  TEST  SURFACES 

Three  offset  rectangular  plate-fin  surfaces,  namely, 
107 ,  501  and  501MOD,  have  been  tested  for  the  heat  transfer 
and  flow  friction  characteristics.  These  surfaces  are  of 
the  plate-fin  strip-fin  variety.  The  general  features  of 
the  fin  center  material  are  depicted  in  Fig.  1;  Table  I 
provides  a  comparison  of  the  surface  geometrical  character¬ 
istics. 


Fig.  1  Fin  Center  of  Offset  Rectangular  Plate-fin 
Surface 

Surface  107  was  built  into  a  core  of  single  sandwich 
construction  for  steady  state  heat  transfer  testing  [4]  with 
a  8-3/8  by  9-3/^  inch  test  cross  section  and  a  2.03  inch  air 
flow  length.  The  steam  side  surface  was  also  single  sand¬ 
wich  offset  rectangular  plate-fins  with  a  nominal  plate 
spacing  of  1/10  inch,  fin  offset  length  of  1/8  inch,  and  fin 
pitch  of  16  fins  per  inch.  Surface  107  was  all  stainless 
steel  (AISI  3^7  type)  brazed  construction.  The  fin  and  plate 
arrangement  for  this  core  is , shown  in  Fig.  2.  Test  results 
for  this  surface  are  presented  previously  in  [3]. 

Surfaces  501  and  501M0D  were  built  into  cores  for  the 
transient  heat  transfer  testing  [.5]  with  a  3-1/^  by  3-1/^ 
inch  test  cross  section  and  a  2.57  inch  air  flow  length. 

In  Core  501,  the  fins  were  separated  by  plates  of  0.006  inch 
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TABLE  I  SURFACE  GEOMETRY  OF  OFFSET  RECTANGULAR 
PLATE-FIN  SURFACES 

(See  Figs.  1  and  2) 


Core  No.  (Stanford) 
AiResearch  Designation 

1071 

2 

501^ 

PA76451  Eng 

501M0D2 

PA  91705 

Porosity,  p(=  Ac/Afr) 

0.744 

O.896 

Hydraulic  diameter,  (10  “Tt) 

4.000 

2.118 

1.885. 

Area  Density  a,  ft2/ft^ 

1405  i 

1902 

Area  Density  (3,  ft2/ft^ 

923 

■  1722 

1976 

Plate  spacing,  b,  in. 

0.0508 

0.0265 

0.0262 

Fin  pitch,  c,  in. 

0.0506 

0.0271 

0.0280 

Plate  thickness,  a,  in. 

0.006 

0.006 

0.001 

Fin  thickness,  8,  in. 

0.002 

0.001 

0.001 

Fin  offset  length,  H,  in. 

0. 100 

0.050 

0.050 

L/Dh 

42.3 

101.2 

113-2 

i*  = 

2.08 

1.97 

2.21 

Aspect  ratio  a  =  (b-5)/(c-5) 

l.oo4 

0.977 

0.933 

1.  Steady  State  tests  for  j-NR 

2.  Transient  tests  for  j-N-^ 
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thickness,  and  the  core  was  brazed.  In  Core  501M0D  the  fins 
and  the  plates  both  were  0,001  inch  thick;  the  fins  and  the 
plates  were  stacked  alternatively  without  brazing.  Material 
for  the  plates  and  fins  for  both  cores  was  stainless  steel 
(A IS I  3^7  type).  Test  results  were  reported  previously  for 
Core  501  [3].  The  present  results  obtained  by  improved 
testing  procedures  covers  a  wider  NR  range  and  is  recommended 
in  lieu  of  the  previous  results.  Fig.  2  delineates  the  fin 
and  plate  arrangements  for  these  three  cores. 

Steam  Passage 
Plate  thickness, a 

Plate  spacing, 

-  Air  Passages 


Core  107  Cores  501  and  501M0D 

(Steady  State  Tests)  (Transient  Tests) 

Fig.  2  Fin  and  Plate  Arrangement  of  Test  Cores 

Test  core  geometries  as  reported  in  Table  V,  Appendix  I, 
were  evaluated  based  on  the  measurement  of  fin  and  plate 
dimensions  and  overall  test  core  dimensions.  In  case  of  the 
transient  test  cores,  the  porosity  was  evaluated  based  on 
the  measured  mass  and  total  volume  of  the  test  cores.  Appen¬ 
dix  II  outlines  the  methods  used  to  evaluate  the  geometrical 
properties  for  Core  501  and  501M0D. 
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EXPERIMENTAL  METHODS  AND  TEST  RESULTS 


Experimental  Methods  and  Data  Reduction  Procedures 

Core  107  was  heat  transfer  tested  by  the  steady  state 
steam- to-air  test  technique.  The  test  apparatus  and  experi¬ 
mental  methods  are  described  in  [4].  The  data  reduction 
procedures  are  outlined  in  [6]. 

Core  501  and  501M0D  were  heat  transfer  tested  by  the 
transient  test  technique  [5].  The  test  apparatus,  experi¬ 
mental  method,  and  data  reduction  procedures  are  described 
in  [7]. 

All  three  cores  were  flow  tested  by  the  conventional 
steady-flow  pressure  drop  measurement.  Details  of  the  ex¬ 
perimental  method  and  data  reduction  are  provided  in  both 
[4]  and  [6]. 

Description  of  Tables  and  Graphs 

The  dimensionless  heat  transfer  and  flow  friction 
characteristics  (the  j  and  f  versus  NR  plot)  of  the  three 
cores  tested  are  presented  in  Figs.3>  4  and  5*  The  reduced 
data  from  the  experimental  measurement  are  given  in  [3]  for 
Core  107,  and  in  Appendix  I  for  Cores  501  and  501M0D.  The 
test  results  for  Core  501  reported  in  Appendix  I  supersedes 
those  in  [3],  as  some  measurement  errors  were  found  in  the 
air  flow  rate  and  the  temperature  recording  equipment.  The 
test  results  for  Core  501M0D  reported  in  Appendix  I  differs 
slightly  from  those  in  [8]  as  the  fin  edge  area  was  not 
included  in  the  area  calculations  in  [8], 

For  Core  107,  the  best  interpretation  of  the  friction 
factor  results  is  faired  through  the  isothermal  flow  test 
points.  In  contrast,  the  best  interpretation  of  the  heat 
transfer  data  lie  somewhat  above  the  test  points  due  to  an 
allowance  for  the  estimated  steam  side  resistance  [3]-  For 
Cores  501  and  501M0D,  the  best  interpretation  curves  are 
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both  faired  through  the  test  points.  The  coordinates  of  the 
best  interpretation  curves  are  summarized  in  Table  VII. 

Figs.  6  through  10  provide  comparisons  of  the  test 
results  for  the  three  cores.  Fig.  6  is  a  comparison  based 
on  the  hydraulic  diameter  Reynolds  number  NR  while  the  Fig. 

7  comparison  uses  a  fin  flow  length  Reynolds  number  NR  ^ 

Fig.  8  represents  the  correlation  of  test  data  for  the  rec- 
tangular  offset  plate- fin  surface  characterized  by  a  =1, 

Jo  =  2,  5  =0.04  based  on  the  experimental  results  of  Cores 

501M0D  and  107 •  The  flow  area  goodness  factor  (the  j/f 
versus  NR  characteristics)  comparison  is  made  in  Fig.  9* 

The  volume  area  goodness  factor  (the  versus  Es^d  char¬ 

acteristics)  comparison  is  presented  in  Fig.  10.  These 
comparisons  are  discussed  later. 

For  the  comparisons  made  in  Fig.  10,  the  geometries 
are  adjusted  to  a  common  hydraulic  diameter  of  0.002  ft, 
and  the  air  properties  are  evaluated  at  "standard  conditions" 
of  dry  air  at  500  deg  F  and  one  atmospheric  pressure.  The 
heat  transfer  power  and  flow  friction  power  [2,3]  for  the 
surfaces  are  calculated  from  the  following  equations. 

hstd  =  10 -7928  j  NR  Btu/(hr  ft2  °F)  (l) 

Eg td  =  13.6228  f  (Nr/1000)3  hp/ft2  (2) 

In  this  way  the  influence  of  only  the  differences  in  non- 
dimensional  geometric  factors  are  revealed,  as  is  already 
done  in  Fig.  9  Tor  the  flow  area  goodness  factor  where -the 
parameters  are  nondimens ional. 

Experimental  Uncertainty 

The  evaluation  of  experimental  uncertainty  is  consid¬ 
ered  in  [4,5,7]*  Estimates  follow: 
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Steam- to-air  Testing 


Transient  Testing 
j  +  5%  j  +  13% 

f  ±  5  %  f  ±  3% 

N„  +  2%  N„  +  2% 

The  repeatability  of  the  test  points  by  different  exper¬ 
imeters.,  at  different  times,,  but  using  the  same  transient 
test  rig  [7]  is  within  five  percent  for  j  and  two  percent 
for  f  factors.  The  scatter  of  the  j  points  on  Figs.  4  and 
5  is  less  than  five  percent.  These  factors  suggest  that  the 
uncertainty  predictions  for  the  j  factors  of  +  13  percent 
for  the  transient  testing  may  be  conservatively  too  high. 

The  following  factors  are  not  considered  in  the  uncer¬ 
tainty  analysis: 

1.  Malflow  distribution  through  the  core  due  to  partial 
passage  blockage  arising  from  poor  brazing  or  from 
bent  fin  offset  edges. 

2.  Surface  roughness  due  to  the  braze  coating  and 
form  drag  from  brazing  beads  fused  to  the  surface  . 
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Fig.  3  PLATE- FIN  SURFACE  HEAT  TRANSFER  AND  FRICTION  CHARACTERISTICS 

Core  107.  Surface  19-74R(S)  -  .0510/.  0308  -  1/10(0)  -  ,002(SS^ 


Surface  Data  -  Air  Side: 

Fins  per  inch  =  19.74 

Plate  spacing,  b  =  0.0508  inch 

Fin  offset  length  (flow  direction),  i  =  1/10  inch 
Flow  passage  hydraulic  diameter,  4r^  =  0.004000  ft 
Fin  metal  thickness  0,002  inch 
Total  heat  transfer  area/volume  between  plates 
fJ  =  922.8  ft2/ft3 
Fin  area/total  area  =  O.923 

0  -  Hot  core  test  points.  Heat  transfer  data  evaluated  on  the  basis  of 
zero  steam- side  resistance 

X  -  Cold  core  friction  factors 

Best  interpretation  of  friction  data  based  on  cold  core  data. 

Best  interpretation  of  heat  transfer  data  based  on  an  allowance  for 
steam  side  resistance. 
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Fig.  4  PLATE-FIN  SURFACE  HEAT  TRANSFER  AND  FRICTION  CHARACTERISTICS 
Core  501.  Surface  36.85R  -  .0265/. 0265  -  1/20(0)  -  .OOl(SS) 


Surface  Data: 

Fins  per  inch  =  36.85 

Plate  spacing  =  0.0265  inch 

Fin  length  (flow  direction),  &  =  1/20  inch 

Fin  metal  thickness  =  0.001  inch 

Plate  metal  thickness  =  0.006  inch  bare 

0.008  inch  under  fins 
(braze  build  up) 

Flow  passage  hydraulic  diameter,  4r^  =  0. 002118  ft 
Total  heat  transfer  area/volume  between  plates, 

P  =  1722  ft2/ft3 

Total  heat  transfer  area/total  volume, 
a  =  1405  ft2/ft3 
Porosity,  p  =  0.744 

0  -  Transient  test  technique  data  points  for  heat  transfer 
0  -  Cold  core  (steady  state)  data  points  for  friction  factors 


PLATE-FIN  SURFACE  HEAT  TRANSFER  AND  FRICTION  CHARACTERISTICS 
Core  501M0D  Surface  35-7WS)  -  .0262/.  0262  -  1/20(0)  -  .OQlfSS' 


Surface  Data: 


Fins  per  inch  =  35.74 

Plate  spacing,  b  =  0.0262  inch 

Fin  length  (flow  direction)  Z  -  1/20  inch 

Fin  metal  thickness  =  0.001  inch 


Plate  metal  thickness  =  0.001  inch 


Flow  passage  hydraulic  diameter,  4r^  =  O.OOI885  ft 
Total  heat  transfer  area/volume  between  plates 
p  =  1976  ft2/ft3 

Total  heat  transfer  area/total  volume 
a  =  1902  ft2/ft3 
Porosity  p  =  0.896 

□  -  Transient  test  technique  data  points  for  heat  transfer 
0  -  Cold  Core  (steady  state)  data  points  for  friction  factors 


1 — 1 
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DISCUSSION 


All  three  test  cores ,  aside  from  the  influence  of 
brazing,  have  surfaces  that  are  closely  similar  geometrically, 
as  can  be  seen  by  comparisons  provided  in  Table  II. 


TABLE  II  Nondimensional  Geometry  Comparison 


Core 

* 

8 

f 

** 

a 

Af/A 

Prh 

107 

0.042 

2.08 

1. 00 

0.508 

0.923 

501 

0.039 

1.97 

0.98 

0.481 

0.913 

501M0D 

0.044 

2.21 

1 

i 

0.93 

- 

0.931 

However,  the  Core  107  surface  has  about  twice  the  scale 
of  the  other  two,  as  can  be  seen  from  the  hydraulic  diameter 
(4r^)  line  in  Table  III,  where  other  differences  in  construc¬ 
tion  and  testing  techniques  are  summarized. 


TABLE  III  Core  Construction  and  Testing  Differences 


Core  No. 

501 

501M0D 

107 

_  O 

Hydraulic  Diameter  4rR  (10  Jft) 
Brazed  Construction 

Testing  Technique: 

J  '  nr  1 

f  -  nr 

-  .  -  — - — I 

2. 118 

yes 

trans .  ^ 

(ss)2 

1.885 

no 

trans. 

(ss) 

i 

4.000 

yes 

steam  heat 
(ss) 

(ss) 

Transient  single  blow  technique 

2 

Steady  State  technique  (ss) 
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Because  of  the  two-to-one  dimension  ratio  of  the  Core 
107  surface  relative  to  the  501  surface*  the  realtive  rough¬ 
ness  due  to  brazing  should  be  in  the  ratio  of  one -to- two. 

The  501M0D  surface  in  contrast  should  be  representative  of  a 
smooth  surface. 

While  the  f-N^  characteristics  for  the  three  surfaces* 
Fig.  6*  were  all  established  using  the  common  fluid  flow 
steady-state  technique*  the  heat  transfer  testing  employed 
a  steady  state  steam  heating  technique  for  Core  107  while 
the  single  blow  transient  technique  was  used  for  the  other 
two  cores.  It  appears  that  these  different  test  techniques 
yield  about  the  same  j-NR  characteristics*  Fig.  6*  corres¬ 
ponding  to  approximately  the  constant  wall  temperature  bound¬ 
ary  condition  of  the  Core  107  tests.  A  discussion  of  this 
aspect  is  .presented  in  Appendix  III. 

A  final  important  difference  that  is  not  shown  in 
Table  III  Is  the  fact  that  different  geometrical  models  were 
used  to  evaluate  the  f3  (or  a)  and  r^  dimensions  for  the  three 
surfaces.  These  models  are  shown  in  Fig.  11.  Originally* 
the  ideal  rectangular  model  (Fig.  11a* c)  was  used  for  all 
three  cores*  but  after  high  magnification  visual  inspection 
it  was  concluded  that  the  unbrazed  surface  did  not  have  as 
complete  mechanical  contact  between  the  fins  and  plate*  and 
consequently *more  area  was  available  for  heat  transfer. 

Fig. 11b  was  then  proposed  for  the  501M0D  core  surface.  Ap¬ 
pendix  II  presents  the  detailed  considerations  leading  to  the 
geometrical  parameters  of  Table  I.  It  also  contains  the 
equations  for  porosity*  area  density  and  hydraulic  radius 
leading  to  the  following  comparison*  Table  IV. 
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TABLE  IV  Core  501M0D  Geometries  Derived  Prom  Different  Models 


Table  I 

Rectangular 
Model 
Pig.  11c 

Modified 
Model 
Pig.  lib 

Cell  dimensions  (inches) 

cell  height*  d 

0.0272 

cell  width*  O 

0.0280 

same 

same 

fin  thickness*  a 

0.001 

plate  thickness*  5 

0.001 

O  Q 

Area  density*  a  ft  /ft 

1902 

16  4o 

1902 

Porosity*  p 

0.89 61 

0.893 

0.9022 

Hydraulic  radius* 

rh  (10-ht) 

4.71 

5.^7 

4.71 

1.  Porosity  determined  gravimetric ally*  see  Appendix  II. 

2.  The  agreement  with  the  Table  I  porosity  magnitude  demon¬ 
strates  that  the  plate  and  fin  thicknesses  are  indeed 
close  to  the  nominal  magnitude  of  0.001  inches. 

From  this  comparison  it  is  evident  that  the  two  models* 
Fig.  lib  and  c,  lead  to  virtually  the  same  result  for  the 
porosity*  but  that  the  unbrazed  model*  Fig.  lib*  yields  the 
higher  area  density  (and  lower  r^  as  a  consequence)  by  about 
14  percent.  This  area  difference  might  be  considered  as  an 
area  coverage  penalty  paid  for  brazing  due  to  geometrical 
considerations.  Inspection  of  Pig.  11  leads  to  the  conclu¬ 
sion  that  this  penalty  decreases  as  the  ratio  of  fin  area 
to  plate  area  increases.  For  these  surfaces*  because  of  the 

■X*  . 

close  to  square  flow  cross-section  (a  ~  1)*  the  fin-to-plate 
area  ratio  is  about  one.  For  deep- fold  surface  [ 1 ] *  the  area 
coverage  penalty  is  substantially  smaller.  Clearly*  in  direct 
transfer  heat  exchangers  where  brazing  is  needed  to  insure 
adequate  fin  heat  transfer  performance  the  term  "area  cover¬ 
age  penalty"  is  a  misnomer.  However*  for  the  periodic-flow 
type  exchanger  where  brazing  may  be  used  only  for  structural 
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stability  the  resulting  surface  coverage  does  indeed  result 
in  an  area  penalty  from  a  heat  transfer  point  of  view. 

As  can  be  seen  from  Fig.  6,  the  three  surfaces  do  indeed 
exhibit  quite  closely  the  same  j-NR  characteristics  as  expect¬ 
ed  from  their  close  geometrical  similarity.  A  +  10  percent 
band  about  the  mean  would  include  all  three  characteristics. 

As  discussed  in  [3],  the  gross  blockage  due  to  brazing  would 
reduce  the  j  slightly.  From  the  comparison  of  Fig.  6  this 
can  be  seen  at  low  Reynolds  numbers.  The  different  slope  of 
the  j-NR  curves  may  be  partially  due  to  a  10  percent  differ- 
ence  in  JO  shown  in.  Table  II.  Possibly  brazing  roughness 
does  tend  to  produce  an  earlier  transition  to  a  turbulent 
flow  behavior,  as  evidenced  by  the  j-NR  tendencies  for  the 
two  brazed  cores  at  the  higher  Reynolds  numbers.  A  conclu¬ 
sion  then,  is  that  aside  from  the  influence  of  brazing  in 
reducing  the  heat  transfer  surface  area,  there  is  no  major 
influence  of  brazing  roughness  on  the  j-NR  behavior. 

Core  501,  having  thicker  plates  than  the  fins  and  having 
good  thermal  contact  due  to  brazing,  may  exhibit  "fin  effect" 
for  the  transient  test  conditions.  This  behavior  does  not 
apply  to  Core  501MOD  as  the  plates  and  fins  are  of  the  same 
thickness  and  have  poor  thermal  contact.  Calculations  for 
the  steady- state  heat  transfer  show  that  the  overall  fin 
effectiveness  rj  for  the  Core  501  geometry  varies  from  0.995 
to  0.975  for  the  variation  in  h  from  10  to  75  Btu/hr  ft2 °F. 

As  the  transient  9  is  always  higher  than  that  for  the  steady 
state  condition,  it  was  concluded  that  there  was  no  signifi¬ 
cant  "fin  effect"  (l-r]o)  on  the  Core  501  data. 

In  contrast  to  the  small  influence  of  brazing  on  the 
j-N^  characteristics,  the  f-N^  characteristics  is  strongly 
influenced.  The  surface  with  the  greater  relative  roughness 
(Core  501)  has  35~50  percent  higher  friction  factor  relative 
to  the  smooth  surface  (501M0D).  The  107  surface  with  its 
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Fig.  7  Offset  Spacing  Reynolds  Number  Comparisons  for 
Surfaces  107,  501,  501M0D 


intermediate  roughness  has  an  intermediate  behavior.  The 
theory  curves  of  Pig.  6  will  be  discussed  shortly. 

The  same  relative  behavior  for  j-NR  and  f-NR  appear  in 
Fig.  7  where  an  NR  £  abscissa  is  used.  Also  shown  are  the 
theory  lines  for  very  thin  short  flat  plate  behavior,  as 
deduced  from  the  Pohlhausen  solution  for  heat  transfer  with 
uniform  surface  temperature  and  the  Blasius  solution  for 
skin  friction. 


In  this  comparison  it  is  evident  that  the  skin  friction 
effect,  as  represented  by  the  Blasius  solution,  amounts  to 
only  half  of  the  flow  friction  represented  by  f  of  the  test 
surfaces.  The  axial  pressure  gradient 'in  the  developing  flow 
through  a  duct  is  higher  than  that  over  a  flat  plate  due  to 
the  periodic  flow  accelerations  (over  each  fin  offset)  and 
higher  wall  shear  caused  by  higher  transverse  velocity  gra¬ 
dients.  The  approximate  100  percent  higher  f  factors  for 
Core  501M0D  from  the  Blasius  solution  can  account  for  this 
effect.  From  hydrodynamic  entry  length  solution. 


AP 

1/2  pV2 


*  ( 


x 


h  R 


) 


where  <t>  stands  for  the  functional  relationship.  For  each 
fin  offset  the  pressure  drop  is  evaluated  at  x  =  1  .  The 
larger  the  i/D^N^,  the  higher  the  pressure  gradient.  As  a 
result,  the  departure  from  Blasius  solution  is  increased  at 
lower  Reynolds  number.  The  incrementally  higher  friction 
factor  for  Core  ^>01,  however,  cannot  be  attributed  to  the 
above  mentioned  effects  as  the  fin  passages  are  not  signifi¬ 
cantly  different  from  those  of  Core  501M0D.  Visual  inspec¬ 
tion  of  the  501  Core  did  indeed  reveal  some  bridging  of  the 
offset  fin  edges  by  "uncommitted"  brazing  material. 
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Comparison  with  Pohlhausen  solution  indicates  lower  heat 
transfer  behavior  for  the  surfaces  tested.  The  simplified 
theory  line  of  Fig.  7  assume  that  all  the  surface  has  inter¬ 
ruptions  which  is  contrary  to  fact  as  only  the  vertical  fin 
surfaces  of  Fig.  1  are  interrupted,  about  50  percent  of  the 
total,  while  the  plate  surface,  combined  with  the  horizontal 
center  material  surface,  may  be  described  as  a  somewhat 
roughened  uninterrupted  surface.  The  average  heat  transfer 
coefficient  over  the  uninterrupted  surface  is  lower  than  the 
interrupted  surface  with  the  result  that  the  heat  transfer 
coefficient  for  the  test  surfaces  should  be  lower  than  the 
Pohlhausen  solution. 

In  this  vein,  a  theory  model  was  devised  as  follows 
consisting  of  50  percent  of  the  surface  square  section  tubes 
with  =  00  ,  and  50  percent  of  the  surface  square  section 

tubes  with  =  2.  Then 


f 


Model  -  0.5  +0.5  f^D^=00  0 . 5  (f  +  l)f^D^=0 


(3) 


Model  =  0.5  J'i/Dh=2  +  °*5  H/  Dh=°°  “  °-5(d*  +  x)  H/D. 


h" 


(*0 


where  f*  and  j*  are  the  normalized  values  for  the  short  tubes 
relative  to  the  long  tubes. 

The  required  f  and  j  information  is  available  for 
=  00 ,  that  is  fully  developed  flow  in  square  section  tubes, 
in  [2] . 
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=  CO 


i/o. 


14.227 


h 


N. 


R 


£/d 


3.35 


h-»-  Nb  (for  Npr  =  0.7,  Nfcj@-  2.976) 


For  the  short  square  tube*  the  hydrodynamic  entry  length 
solution  of  Wiginton  and  Dalton  [9]  is  used  to  evaluate  f  . 
While  the  combined  hydrodynamic  and  thermal  entry  length 
solution  of  Montgomery  and  Wibulswas  [10]  is  employed  to 
determine  j  .  The  (T)  boundary  condition  is  used,  as  each 
short  interrupted  fin  is  essentially  at  a  uniform  surface 
temperature  at  any  instant  of  time. 

This  was  the  technique  used  to  provide  the  theory  curves 
shown  in  Figs.  6  and  8.  It  is  evident  that  this  theory  model 
does  indeed  provide  a  very  good  prediction  of  performance  for 
heat  transfer;  but  the  friction  factor  prediction  is  somewhat 
higher  than  the  smooth  Core  501M0D  behavior,  ranging  from  l6 
percent  at  =  200  to  6  percent  at  Np,  =  500. 

From  Fig.  6,  the  higher  f  factors  (0-17  percent)  for  Core 
107  in  comparison  to  Core  501M0D  can  partially  be  accounted  for 
by  the  small  differences  in  £*  (2.08  versus  2.21,  Table  II) , 
and  partially  due  to  brazing  surface  roughness.  The  difference 
of  about  35-50  percent  in  f  factors  for  Cores  501  and  501M0D 
is  too  large  to  attribute  to  the  i*  effect  (1.97  versus 


^The  hydrodynamic  entry  length  theory  results  for  the  rec¬ 
tangular  ducts  by  Ref.  [9]  are  in  excellent  agreement  with 
the  experimental  work  of  Sparrow  et  al.  [11]. 
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2.21).  The  difference  is  quite  constant  over  the  N.,  range 
and  probably  must  be  charged  to  brazing  surface  roughness 
and  brazing  material  flow  blockage.  The  pressure  drop  in 
the  core  is  proportional  to  1/p  .  Hence  the  influence  of 
brazing  on  the  "free  flow  area"  porosity  will  have  an  ampli¬ 
fied  effect  on  the  pressure  drop  resulting  in  higher  friction 
factors.  Even  if  the  higher  friction  of  Cores  107  and  501 
compared  to  Core  501M0D  is  attributed  entirely  due  to  brazing 
influences,  there  is  significantly  less  effect  of  brazing 
for  Core  107  in  relation  to  Core  ^>01,  as  Core  107  has  only 
one  half  the  non-dimensional  brazing  surface  roughness 
characterization.  One  may  conclude  that  the  influence  of 
brazing  on  friction  is  a  strong  function  of  the  compactness 
of  the  surface. 

Based  on  the  test  results  of  Cores  501M0D  and  107,  the 
f-N-o  and  j-N^  characteristics  for  geometrically  similar  smooth 
surfaces  defined  by  a  =  1 ,16  =  2,  6  =0.04  are  presented 

for  a  Reynolds  number  range  of  60  to  3000  as  shown  in  Fig.  8. 

On  this  figure  are  also  drawn  the  theory  line  based  on  the 
model  described  previously.  The  ordinates  of  Fig.  8  are 
presented  in  Table  VII.  This  somewhat  generalized  result, 
plus  the  kind  of  modeling  as  represented  by  the  theory  char¬ 
acteristics,  may  be  useful  to  the  designer  who  wishes  to 
make  modest  extrapolations  from  the  geometry  of  the  test  core 
surfaces.  The  surface  characteristics  of  the  idealized  rec¬ 
tangular  offset  plate-fin  surface  of  Fig.  8  do  not  take  into 
consideration  the  gross  blockage  due  to  the  brazing  and  the 
brazing  roughness.  The  brazing  has  a  relatively  small  effect 
on  the  but  a  significant  influence  on  f-N^  with  increased 

friction  for  a  more  compact  surface. 

Incidentally,  unlike  the  continuous  laminar  flow  passages, 
this  offset  rectangular  plate-fin  surface  is  not  significantly 
influenced  by  random  passage- to-passage  non-uniformities. 
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Fig.  8 


Correlation  of  Experimental 
Plate-Fin  Surface  having  a* 


Data  for  the  Offset  Rectangular 
=  1,  i*  =  2,  5*  =  0. 04 
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As  discussed  in  Ref.  [1],  the  passage- to-passage  non-uni¬ 
formity  can  have  a  substantial  effect  on  the  j-N  character- 
istics  of  a  continuous  surface. 


Goodness  Factors 

The  j/f  versus  plot  of  Fig.  9  is  of  interest  to  the 
designer  as  j/f  may  be  considered  a  flow  area  goodness 
factor.  It  can  be  shown  that 


1 

f 


n|/3 

Pr 

2gcP 


N 


tu 


w 


AP 


A. 


(5) 


In  a  heat  exchanger  designed  for  a  given  performance, 

the  effectiveness  c,  the  fluid  thermal  capacity  rate  ratio 

C  .  /C  the  pressure  drop  AP,  and  the  fluid  flow  rate  w 

are  specified.  The  number  of  heat  transfer  units,  N,  is 

fixed  for  a  given  e,  fluid  flow  rates,  and  the  flow  arrange- 

2 

ment.  Thus  the  ratio  j/f  is  inversely  proportional  to  A 

c , 

where  Ac  is  the  free  flow  area.  A  larger  j/f  makes  a  smaller 
free  flow  area  and  hence  generally  the  smaller  frontal  area 
of  a  heat  exchanger.  From  Fig.  9,  as  the  j/f  ratio  for  Core 
501M0D  (and  107)  is  about  50  percent  higher  than  that  for 
Core  501,  there  is,  as  a  consequence,  a  penalty  of  about  22 
percent  in  the  free  flow  area  requirement  attributed  to 
brazing.  Core  porosity  must  also  be  considered  in  order  to 
translate  the  free  flow  area  penalty  into  a  frontal  area 
penalty. 

Note  that  in  the  flow  area  goodness  factor  comparison, 
no  estimate  of  total  heat  transfer  area  or  the  volume  can  be 
inferred.  In  contrast,  Fig.  10  provides  volume  goodness 
factors  by  a  plot  of  hgtd  versus  Eg.td  where 


21 


Fig.  9  Flow  Area  Goodness  Factor  Comparisons  for  Surfaces 
107,  501,  and  501M0D 


Fig.  10  Volume  Goodness  Factor  Comparison  for  Surfaces 
107,  501,  and  501M0D 
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hstd  =  t?TT73  7JT  J'nr  Bt«/(hr  ft2°F)  (6) 

pr  /  -J  h 

Estd  -  7^  (Tf7T>3  ™R3  hP/ft2  U) 

2gcp  h 


A  common  hydraulic  diameter  4r^  =  0.002  ft  is  used  to  elimi¬ 
nate  the  influences  of  the  scale  of  the  surface  geometries  and 
thereby  gain  an  insight  as  to  the  influence  of  brazing  alone. 
Air  properties  at  one  atmosphere  and  pOO  deg  F  are  used  to 
arrive  at  the  and  in  Eqs .  (1)  and  (2). 


The  higher  heat  transfer  power  per  unit  area  and  poten¬ 


tial  difference  h  for  a  given  fluid  pumping  power  (per 
unit  area)  Eg^j  the  lower  is  the  exchanger  heat  transfer 
area  A  (=  aV  or  (3V  as  appropriate)  requirement;  since  a  or 
(3  is  proportional  to  1/r^  and  r^  is  fixed,  the  smaller  is 

the  heat  exchanger  volume  for  a  given  porosity.  At  a  typical 

2 

Estd  ^  0-005  hp/ft  the  aerodynamically  cleanest  surface. 
Core  501M0D,  has  about  11  percent  (55/^9- 5)  higher  heat 
transfer  power  in  comparison  to  the  Core  501  surface,  thus 
requiring  10  percent  (1-1/1.11)  less  heat  transfer  area  and, 
at  the  same  time, about  10  percent  less  pressure  drop  (AP  a 


A  Es^).  These  penalties  for  Core  501  are  due  primarily  to 
effect  of  brazing  on  flow  friction. 
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SUMMARY  AND  CONCLUSIONS 


The  main  features  of  this  report  are  summarized  here. 

1.  The  basic  heat  transfer,  j-ND  and  flow-friction  f-N_, 

fYj  JA 

characteristics  of  three  close  to  geometrically  similar 
offset  rectangular  plate-fin  surfaces  are  presented  in 
Figs.  3j  4  and  5  and  in  Table  VII.  Cores  501  and  501M0D 
have  identical  fin  centers  of  0.001  in.  thick  stock,  but 
different  plate  thicknesses,  0.006  and  0.001  inches, 
respectively.  Core  501  is  brazed  while  Core  501M0D  is 
unbrazed.  The  steam  Core  107  is  also  brazed,  but  has 
almost  double  sized  fin  centers  compared  to  the  Other 
two.  Core  107  was  heat  transfer  tested  using  a  steady- 
state  steam  to  air  testing  technique.  In  contrast,  the 
other  two  surfaces  were  heat  transfer  tested  using  a 
transient  technique.  All  three  cores  were  flow- tested 
using  the  conventional  steady  flow  pressure  drop  tech¬ 
nique.  The  main  purpose  of  these  tests  was  to  investi¬ 
gate  the  influence  of  brazing  on  both  heat  transfer  and 
flow  friction. 

2.  The  influence  of  brazing  on  heat  transfer,  the  j-NR 
characteristics,  is  minor.  However,  brazing  does  result 
in  coverage  of  surface  at  the  brazed  joints  and,  as  a 
consequence,  there  is  an  area  penalty,  in  the  case  of  the 

-Jf 

aspects  ratio  a  «  1  geometry  of  these  cores,  of  approx¬ 
imately  l4  percent.  For  deep-fold  surfaces  of  high  . 
aspect  ratio  [1],  this  area  penalty  is  much  lower. 

3.  The  influence  of  brazing  on  flow  friction,  the  f-N^ 
characteristics,  is  quite  significant,  amounting  to 
35-50  percent  higher  for  the  braze  rough  501  core  rela¬ 
tive  to  the  smooth  surface  501M0D  Core.  Brazing  rough- 
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ness  appears  to  be  of  two  types ,  a  fine  grained  surface 
roughness  and  that  produced  by  the  flow  of  excess  braze 
material  during  the  fusion  process,,  so  as  to  partially 
block  the  flow  passage  by  bridging  the  offset  gap  on 
the  fins.  The  influence  of  brazing  roughness  decreases 
as  the  surface  becomes  less  compact.,  because  then  the 
nondimensional  roughness ,  obtained  by  normalizing  with 
respect  to  D^,  is  reduced,  and  also  one  would  expect 
bridging  of  the  offset  gap  to  be  reduced. 

4.  In  a  given  heat  exchanger  application,  even  after  dis¬ 
counting  the  l4  percent  area  penalty  associated  with 
joint  coverage,  the  brazed  501  surface  would  require  a 
22  percent  greater  frontal  area  and  a  possible  10  per¬ 
cent  greater  bulk  in  relation  to  the  501M0D  surface, 
This  is  the  magnitude  of  the  brazing  penalty  for  very 

compact  surfaces  with  area  densities  of  the  order  of 
2  2 

2000  ft  /ft  .  For  lower  area  densities  the  penalty  is 
reduced  proportionally. 

5.  Fig.  8  provides  a  generalization  of  the  test  results, 
excluding  the  influence  of  brazing  roughness  on  f-NR, 
that  may  prove  useful  for  design  purpose. 
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APPENDIX  I 


TEST  CORE  GEOMETRICAL  DATA,  REDUCED  LABORATORY  DATA  AND 
COORDINATES  FOR  THE  SMOOTHED  CURVES  OF  FRICTION  AND  HEAT 
TRANSFER  CHARACTERISTICS 


In  this  appendix,  the  information  needed  for  re-evalua¬ 
tion  of  any  test  data  is  summarized., 

Test  Core  Geometrical  Data,  Table  V 

All  of  the  core  geometrical  data  to  reduce  the  direct 
laboratory  data  are  summarized  in  Table  V.  The  method 
employed  to  evaluate  the  core  properties  of  the  transient 
test  matrices  is  outlined  in  Appendix  II. 

Reduced  Laboratory  Data,  Table  VI 

The  reduced  laboratory  data  for  Cores  107  and  501  are 
presented  in  Refs.  [3]  and  [8],  respectively.  The  reduced 
experimental  data  for  Cores  $01  and  501M0D  are  given  in 
Table  VI,  for  the  completeness  of  the  report,  although  the 
reduced  data  for  Core  501  are  available  in  [8].  The  test 
results  for  Core  501  reported  in  [8]  supersedes  those  in  [3L 
as  some  measurement  errors  were  found  in  the  air  flow  rate 
and  the  temperature  recorder.  The  test  results  for  Core 
501M0D  reported  in  Table  VI  supersede  those  in  [8],  as  the 
fin  edge  area  was  not  included  in  the  heat  transfer  area 
calculation  and  subsequent  geometrical  properties;  also  an 
error  was  found  in  the  core  dimensions  of  [8].  The  fin  edge 
area  is  about  1  to  1. 5$  of  the  total  heat  transfer  area. 

The  laboratory  data  were  processed  on  an  IBM  360/67 
computer  based  on  the  data  reduction  procedure  in  Ref.  [7]. 
The  test  results  are  presented  in  Table  VI,  and  are  plotted 
in  Figs.  5  and  6  (Core  501,  501M0D). 
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Best  Interpretation  Surface  Characteristics,  Table  YII 


The  curves  of  Figs.  3-5  are  drawn  so  as  to  represent 
the  best  interpretation  of  the  reduced  laboratory  data  in 
terms  of  the  f  and  j  versus  characteristics  of  the  sur¬ 
faces.  For  Core  107,  the  best  interpretation  of  the  friction 
factor  results  is  faired  through  the  isothermal  flow  test 
points*  while  the  best  interpretation  of  the  heat  transfer 
data  lie  somewhat  above  the  test  points  due  to  an  allowance 
for  the  estimated  steam  side  resistance  [3].  For  Cores 
501  and  501M0D,  the  best  interpretation  curves  are  drawn 
smoothly  through  the  actual  test  points;  the  physical  prop¬ 
erties  ..and  air  flow  rate  are  evaluated  based  on  the  arith¬ 
metic  mean  temperature.  The  coordinates  of  the  best  inter¬ 
pretation  or  smoothed  curves  are  summarized  in  Table  YII. 
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Table  V 


Actual  Test  Core  Geometrical  Data 


Core  No.  (Stanford) 

107 

501 

501M0D 

Core  Dimensions,  inches 

Width  i 

8.641 

3.243 

3.327 

He ight 

9.606 

3.248 

3.348 

Flow  length.,  L 

2.031 

2.57 

2.562 

Uninterrupted  fin  length,  l 

0.100 

0 . 050 

0.050 

Fin  pitch,  c 

0.0506 

0. 0271 

0.0280 

Plate  spacing,  b^ 

0.0508 

0.0265 

0.0262 

Plate  thickness,  a 

0.006 

0.006 

0.001 

Fin  thickness,  6 

0.001 

0.001 

0.001 

Number  of  plates, 

- 

101 

124 

Number  of  fin  centers,  n~.  ^ 

fin 

57 

100 

. 

123 

Number  of  offsets  per  fin  center, 

noff 

20 

• 

• 

50 

50 

Number  of  fins  per  inch 

19.74 

36.85 

35.74 

2 

Frontal  area  A^r  in. 

24.6421 

10.533 

11.139 

2 

Free  flow  area  A  in. 

c. 

22.737 

■ 

7.838 

9.986 

2 

Conduction  area  A  in. 

s. 

- 

2.28 

.  0.721 

Core  volume  V,  in. 

j 

27.07 

28.54 

Core  mass  M,  lbm 

- 

1.956 

0.8345 

Porosity  p 

- 

0.7441 

0.8965 

Area  density  a,  ft2/ft^ 

- 

.  1405 

1902 

Area  density  p,  ft^/ft^ 

923  ■ 

1722 

1976 

Hydraulic  diameter  (10~^ft) 

4.000 

2.118 

1.885 

VDh 

42.2 

101.2 

113.2 

2.08 

1.97 

2.21 

Solid  density  p  lbm/ft^ 

- 

488 

488 

Solid  specific  heat  c  Btu/lbm  °F 

s  * 

i 

0.112  1 

0.112 

Solid  thermal  conductivity  k 

s , 

Btu/hr  ft  F  (at  mean  test  temp.) 

8.9 

8.3 

8.3 

V 

0.38 

0.19  | 

0.08 

K 

e 

0.53 

0.06 

0.02 

■'"Measured  between  plates. 
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Table  VI  Experimental  and  Reduced  Laboratory  Data  for 
Core  501 


SlNGLE-BLuW  T RANS IEnT  TEST  DATA 


CORE  HU.  501  AIRES.  PLATE-FIn  DATA  TAKEAI  uN  MARCH  28,  1968  DATA  TAKEN  BY  KLOPFER 


THE  FOLLOWING  ARE  INPUT 

TEST  DATA 

RUN  DPOC 

DPOH 

P1QC 

P10H 

HOC  T10H 

DPS 

PIS 

nsc 

T1$H 

DTAU 

TOB 

TWB 

PAMS 

THE 

FOLLOWING 

DATA  ARE 

TAKEN  WITH 

1. 3015 

INCH  ORIFICE 

1 

0.  790 

0.  810 

1.210 

1  .260 

0.899  1, 

.212 

1.  140 

0.058 

0.888 

1. 260 

28.800 

72.0 

59.0 

409.32 

2 

1.290 

1. 310 

1.630 

1.700 

0.911  l, 

,244 

1.530 

0.082 

0.887 

1.270 

23.400 

72.0 

59.0 

409.32 

3 

2.210 

2.220 

2.300 

2.380 

0.929  l, 

.291 

2. 120 

0.130 

0.901 

1.295 

16.600 

72  .0 

59.0 

409.32 

4 

3. 690 

3.  710 

3.  150 

3.250 

0.928  1, 

.290 

2.900 

0.195 

0.903 

1.280 

15.275 

72.0 

59.0 

4  09.  32 

5 

6.2  30 

6.150 

4.400 

4.  530 

C.  930  2. 

,288 

4.  030 

0.300 

0.901 

1.271 

12.575 

72.0 

59.0 

409.32 

6 

1  J.35C 

10.580 

6.330 

6.500 

0.931  1, 

.300 

5.680 

0.470 

0.906 

1.282 

10.572 

72.0 

59.0 

409.32 

THE 

FuLLuw I nG 

DATA  ARE 

TAKEN  WITH 

2  .  C2  0 1 

INCH  ORIFICE 

7 

0.  810 

0.810 

5.800 

5  .970 

0.932  1, 

.315 

5.220 

0.420 

0.908 

1.291 

11.092 

72.  0 

59.0 

409.32 

8 

l.  3  30 

1.330 

8.216 

8.420 

0.  934  1. 

.327 

7.300 

0  .646 

0.911 

1.296 

9.330 

72.0 

59.0 

409.32 

9 

2.210 

2  .220 

12.060 

12.300 

0.934  1 

.325 

10.670 

1.001 

0.914 

1.287 

7.772 

72.0 

59.0 

409.32 

1C 

3.  7 20 

3.  7  30 

ia. 050 

18.350 

0.934  I. 

.345 

15.930 

1.610 

0.918 

1.300 

6.290 

72.0 

59.0 

409.32 

1 1 

6.170 

6. 150 

2  7.00c 

27.300 

0.934  1, 

,327 

23.780 

2.470 

0.919 

1.272 

5.  148 

72.0 

59.0 

409.32 

12 

10.  11C 

1C.  130 

4C.400 

40.850 

0.929  1, 

.350 

3  5.22  0 

3.780 

0.926 

1.294 

4.  262 

72.  0 

59.0 

409.32 

S INGLE-BLOW  TRANSIENT  TEST  DATA 


PRESSURE  DROP  RESULTS 


CURE  NO.  501  AIRES.  PLATE-FIN  DATA  TAKEN  ON  MARCH  28,  1968  DATA  TAKEN  BY  KLOPFER 


HYDRAULIC  DIA  =  0.002U8  FT  PURuSI  TY  =  0.7441  FRONTAL  AREA  =  10.533  SQIN  KC  *  0.19 

FLO*  LENGTH  *  2.370  INCH  ALPHA  =  1405.1  SQFT/CFT  F  REE  -F  LOW  AREA  *  7.838  SQIN  KE  =  0.06 


RUN 

W 

G 

CORE  DP 

PI 

U 

F 

NR 

L8/HR 

LB/HR-SGFT 

IN.WC 

PSi 

DEo.F 

1 

91.0 

1672. 

1.140 

14.78 

72.51 

0. 3248 

80.1 

2 

115.9 

2129. 

1.  530 

14.78 

72.47 

0.2688 

101.9 

3 

151.0 

2774. 

2.  120 

14.78 

73.  09 

0. 2188 

132  .7 

4 

194.  3 

3570. 

2.900 

14.77 

73.18 

0. 1803 

170.7 

5 

249.  1 

4577. 

4.  J30 

14,  7  7 

73.09 

0.1521 

219.0 

6 

324.4 

5961 . 

5.680 

14.76 

73.32 

0. 1259 

285.  1 

7 

239.  7 

44  04. 

5.220 

14.77 

73.41 

0.2125 

210.6 

8 

305.5 

5613. 

7.300 

14.76 

73.  54 

0. 18 22 

268.4 

9 

391.0 

7184. 

10.670 

14.74 

73.68 

0.1617 

343.4 

10 

502.0 

9224. 

15.930 

14,  72 

73.8b 

0.1451 

440.8 

11 

636.9 

11701. 

23.780 

14.69 

73.90 

0. 1328 

559.2 

12 

797.  1 

14645. 

35.220 

14.64 

74.22 

0.1231 

699.6 

SI  NGL6-8LuW 

TRANSIENT 

TEST  DAT  A 

HEAT  TRANSFER  RESULTS 

CURE  NO. 

,  501  AIRES.  PLATE- 

FIN  DATA 

TAKEN  ON 

MARCH  28, 

1968  DATA 

TAKEN  BY  KLOPFER 

HYCRJULIC  CIA  =  0.002118  FT  POROSITY  =  0.7441  FRONTAL  AREA  =  10.533  SQIN  KC  ■=  0.19 

FLCW  LENGTH  =  2.570  INCH  ALPHA  =  1405.1  SQFT/CFT  FRtE-FLUW  AREA  =  7.838  SQIN  KE  *  0.06 


CURE 

MASS 

- 

1.9560  LBM  CORE  SP  HT  =  0.112  8TU/LB-F  CUND  AREA 

-  2.280  SQIN 

CGRE 

CCNO 

= 

8.30  BTU/HR-FT-F 

RUN 

T8A 

DTA'J 

LAMBDA 

MAX  SLuPE 

NTU 

NST 

J 

NR 

LB/HR 

LB/ HR- SOFT 

DEG.F 

SEC 

I 

91.0 

1672. 

80.85 

28.800 

0.  0279 

1.246 

28.26 

0.06988 

0.05562 

79.2 

2 

115.5 

2122. 

81.05 

23.400 

0.0220 

1.208 

23.00 

0.05687 

0.04527 

100.5 

15C.0 

2756. 

81.93 

18.600 

0.0169 

1.170 

19.61 

0.04848 

0.03859 

130.3 

4 

193.1 

3547. 

81.64 

15.275 

0.0132 

1.  107 

16.26 

0.04019 

0.03200 

167.8 

5 

24  7.5 

4547. 

81.39 

12.575 

0.0103 

1.049 

13.90 

0.03438 

0.02737 

215.2 

6 

322.2 

5919. 

81.75 

10.372 

0. 0079 

0.939 

11.09 

0.02742 

0.02183 

280.0 

7 

237.8 

4369. 

O 

O 

11.092 

0.0107 

1.238 

21.08 

0.05212 

0. 04149 

206.6 

8 

303.0 

5567. 

82.  17 

9.330 

0.0084 

1.155 

17.28 

0.04273 

0.03401 

263.2 

9 

388.2 

7133. 

82.04 

7.772 

0.0065 

1.  082 

14.  37 

0.03602 

0.02867 

337.2 

1C 

458.0 

9150. 

82.42 

6.290 

0.0051 

-1.042 

13.25 

0.03277 

0.  0260'9 

432.4 

11 

631.1 

11594. 

81.82 

5.  148 

0. 0040 

1.005 

12.13 

0.03000 

0.02388 

548.3 

12 

750.3 

14520. 

82.47 

4.26  2 

0.0032 

0.970 

11.16 

0.02761 

0.02198 

686.1 
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Table  VI  (cont'd)  Experimental  and  Reduced  Laboratory- 

Data  for  Core  501M0D 

SI NGLG-BLOW  TRANSIENT  TEST  DATA 


CORE  NO.  501 MOD  NEW  GE0M.PR0P  DATA  TAKEN  ON  MARCH  6# 1968  OATA  TAKEN  BY  KLOPFER 


THE  FOLLOWING  ARE  INPUT  TEST  DATA 


RUN 

CPOC 

OPQH 

P10C 

P10H 

T10C 

T10H 

DPS 

PIS 

TiSC 

T1SH 

DTAU 

TDB 

TWB 

PAMB 

THE 

1 

FOLLOWING 

0.790 

DATA  ARE 

0.800 

TAKEN ' WITH 

0,820 

l  1.3015 

0.850 

INCH  ORIFICE 

0.840  L.188 

0.770 

0.  060 

0.841 

1.241 

9.112 

68.5 

53.0 

408.68 

2 

1.340 

1.350 

1.140 

1 .180 

0.845 

1.194 

1.040 

0.088 

0.849 

1.230 

7.425 

68<  5 

53.0 

408.68 

3 

2.190 

2.200 

1.550 

1.600 

0.854 

1.190 

1 .390 

0.130 

0.851 

1.228 

6.275 

68.5 

53.0 

408.68 

A 

3.700 

3.720 

2.160 

2.230 

0.  851 

1.205 

1.900 

0.200 

0.860 

1.239 

5.210 

68.5 

53.0 

408.68 

5 

6.150 

6.200 

2.990 

3.080 

0.851 

1  .210 

2.570 

0.305 

0.860 

1.240 

4.452 

68.5 

53.0 

408.68 

6 

10.100 

10,120 

4.020 

4.140 

0.856 

1.213 

3.480 

0.460 

0.862 

1.241 

3,815 

68.5 

53.0 

408.68 

The 

7 

FOLLOWING 

0.800 

OATA  ARE 

0.810 

TAKEN  WITH 

3.770 

i  2.2010 

3.880 

INCH  ORIFICE 

0.847  1.198 

3.250 

0.420 

0.860 

1.241 

3.970 

68.5 

53.0 

408*68 

8 

1.320 

1.330 

5.280 

5.400 

0.849 

a.  2 15 

4.430 

0.650 

0.863 

1.250 

3.385 

68.5 

53,0 

408.68 

9 

2.210 

2.220 

7. 550 

7.730 

0.848 

1 .202 

6.200 

1.020 

0.865 

1.229 

2.875 

68.5 

53.0 

408.68 

TO 

3.680 

3.680 

10.850 

U.080 

0.  853 

•1,,2'28 

8.700 

1.620 

0.855 

1.240 

2.430 

68.5 

53.0 

408.68 

11 

6.120 

6.160 

16.000 

16-300 

0.850 

a. 226 

12.650 

2.540 

0.850 

1.244 

2.018 

68.5 

53.0 

408.68 

12 

10.190 

10.210 

23.600 

24.000 

0.847 

1.220 

18.350 

3.940 

0.864 

1.269 

1.658 

68.5 

53.0 

408.68 

13 

19.500 

19.600 

39.500 

40.000 

0.840 

1.202 

30.180 

6.950 

0.861 

1.184 

1.300 

68.5 

53.0 

408.68 

SINGLE— BLOW  TRANSIENT  TEST  DATA 


PRESSURE  DROP  RESULTS 


CORE  NO.  50 l MOD  NEW  GEOM.PftOP  DATA  TAKEN  ON  MARCH  6» 1968  DATA  TAKEN  BY  KLOPFER 


HYDRAULIC  OIA  *  0.001885  FT  POROSITY  =  0.8965  FRONTAL  AREA  *  11.139  SQIN  KC  =  0.08 

FLOW  LENGTH  *  2.562  INCH  ALPHA  ^  1902.1  SQFT/CFT  FREE-FLOW  AREA  *  9.986  SQIN  KE  -  0.02 


RUN  W  G  CORE  DP  PI  T1  F  NR 


LB/HR 

LB/HR-SQFT 

IN.WC 

PSI 

DEG.F 

1 

91.3 

1317. 

0.770 

14.76 

70.40 

0.3179 

56.2 

2 

118.5 

1709. 

1.040 

14.75 

70.  76 

0.2546 

73.0 

3 

150.9 

2176. 

1.390 

14.75 

70.85 

0.2096 

92.9 

4 

195.5 

2818. 

1.900 

14.75 

71.26 

0.1705 

120.3 

5 

250.9 

3617. 

2.57C 

14.75 

71.26 

0. 1398 

154.4 

6 

319.6 

4608. 

3.480 

14.74 

71.35 

0.1164 

196.7 

7 

308.0 

4442. 

3.250 

14.74 

71.26 

0.1171 

189.6 

8 

393.6 

5676. 

4.430 

14.73 

71.39 

0.0975 

242.2 

9 

5C6.2 

7299. 

6.200 

14.72 

71.48 

0.0821 

311 .4 

10 

648.0 

9345. 

8.700 

14.70 

71.03 

0.0700 

398.9 

11 

826.9 

11923. 

12.650 

14.67 

70.81 

0.0620 

509.2 

12 

1050.8 

15152. 

18. 350 

14.62 

71.43 

0.0550 

646.5 

13 

14C7.5 

20296. 

30.180 

14.51 

71.30 

0. 0491 

866,2 

SINGLE-BLOW  TRANSIENT  TEST  DATA 


HEAT  TRANSFER  RESULTS 


CORE  NO.  501  MOD  NEW  GEOM.PROP  DATA  TAKEN  ON  MARCH  6,1968  DATA  TAKEN  BY  KLOPFER 


HYORAULlC  DIA  =  0.001885  FT  POROSITY  =  0.8965  FRONTAL  AREA  *  11.139  SQIN  KC  a  0.08 

FLOW  LENGTH  =  2.562  INCH  ALPHA  =•  1902.1  SQFT/CFT  FREE-FLOW  AREA  *  9.986  SQIN  KE  *  0.02 

CORE  MASS  *  0.8345  LBM  CORE  Sp  HT  =  0.112  BTU/LB-F  COND  AREA  *  0.721  SQIN 

CORE  COND  =  8.30  BTU/HR-PT-F 


RUN 

H 

LB/HR 

G 

LB/HR-SQFT 

TBA 

DEG.F 

DTAU 

SEC 

lambda 

MAX  SLOPE 

NTU 

NST 

J 

NR 

1 

90.9 

1311. 

79.37 

9.112 

0.0089 

1.687 

46,77 

0.10324 

0.08218 

55.4 

2 

117.8 

1699. 

79.30 

7.425 

0.0069 

1.59T 

37.63 

0.08307 

0.06612 

71.8 

3 

150,0 

2164. 

79.30 

6.275 

0.0054 

1.484 

30.15 

0.06655 

0.05298 

91.4 

4 

194.3 

2801. 

79.75 

5.210 

0.0042 

1.381 

24.86 

0.05487 

0.04368 

118. 2 

5 

249.5 

3597. 

79.78 

4.452 

0.0032 

1.258 

19,90 

0.04392 

0.03.496 

151.8 

6 

317.3 

4576. 

79.84 

3.815 

0.0025 

1.154 

16.32 

0.03604 

0.02869 

193.1 

7 

306.7 

4423. 

79.80 

3.970 

0.0026 

1.148 

16.13 

0.03561 

0.02835 

186.7 

8 

391,3 

5643. 

80.07 

3.385 

0.0021 

1.055 

13.35 

0.02946 

0.02345 

238.1 

9 

502.9 

7252. 

79.64 

2.875 

0.0016 

0.966 

11.00 

0.02428 

0.01933 

306.2 

10 

642.9 

9270. 

79.66 

2.430 

0.0013 

0.895 

9.24 

0. 02040 

0.01624 

391.3 

11 

821.6 

11847. 

79.64 

2.018 

0.0010 

0.843 

8.07 

0.01782 

0.01418 

500.1 

12 

1042.8 

15038. 

80.52 

1.658 

0.0008 

0.808 

7.34 

0.01620 

0.01289 

634.1 

13 

1398.2 

20162. 

78.  54 

1.300 

0.0006 

0.769 

6.53 

0.01442 

0.0U48 

852.3 

30 


Table  VII  Summary  of  Basic  Heat  Transfer  and  Flow  Friction  Characteristics  of 
Offset  Rectangular  Plate-Fin  Surfaces 


The  j  and  f  versus  NR  Characteristics  from  Smoothed  Curves 


nr 

Core  107 

- _ 

Core  501 

Core 

501M0D 

Surface 

of  Fig.  8 

1 

j 

f 

J 

f 

j 

f 

J 

f 

3000 

0.00764 

0.0339 

_L 

_ 

0.00764 

0.0339 

2000 

0.00843 

0.0369 

- 

- 

- 

- 

0.00843 

0.0369 

1500 

0.00910 

0.0398 

- 

- 

- 

- 

0.00910 

0.0398 

1200 

0.00974 

0.0430 

- 

- 

- 

- 

0.00974 

0.0430 

1000 

0.0104 

0.0461 

0.0117 

0.073 

0.0104 

o.o46o 

800 

0.0114 

0.0510 

0.0124 

0.077 

0.0116 

0.0505 

0.0114 

0.0508 

600 

0.0129 

O.O599 

0.0139 

0.085 

0.0130 

0.0568 

0.0129 

0.0576 

500 

o.oi4 1 

0.0672 

0.0152 

0.093 

0.0142 

0.0622 

0.0142 

0.0635 

400 

0.0158 

0.0783 

0.0172 

0.104 

0.0161 

0.0700 

0.0161 

0.0710 

300 

0.0185 

0.0962 

0.0205 

0.124 

0.0197 

0.0845 

0.0197 

0.0850 

200 

- 

0.131 

0.0266 

0.162 

0.0272 

0.113 

0.0272 

0.113 

150 

- 

- 

0.0327 

0.198 

0.0347 

0. 142 

0.0347 

0. 142 

100 

— 

— 

0.04^5 

0.270 

0.0490 

0.196 

0.0490 

0.196 

80 

- 

- 

0.053 

0.325 

0.0595 

0.237 

0.0595 

0.237 

60 

- 

- 

0.067 

0.407 

0.077 

0.301 

0.077 

0.301 

50 

0.091 

0.352 

_ i 

0.091 

0.352 

(a)  Ideal  rectangular  model 
for  brazed  Core  501 


(b)  Revised  model  for  (c)  Ideal  rectangular  model 

unbrazed  Core  501M0D  for  Core  501M0D 


Fig.  11  The  Models  Used  to  Derive  Core  Geometrical  Properties 


APPENDIX  II 


SURFACE  GEOMETRY  RELATIONSHIP 

The  "cell"  geometry  for  the  ideal  rectangular  model  of 
the  flow  passage  is  delineated  in  Fig.  11 (a, c).  The  core 
surface  is  hypothesized  to  have  such  identical  passages 
formed  by  the  repetition  of  the  cell  geometry.  This  ideal 
rectangular  model  was  originally  used  for  evaluation  of  the 
geometrical  properties  of  all  three  cores.  But  visual  in¬ 
spection  revealed  that  the  unbrazed  surface  (Core  501M0D) 
did  not  have  a  complete  mechanical  contact  between  the  fins 
and  plate  because  the  corners  of  the  bends  are  curved  rather 
than  sharp:  at  right  angle.  Consequently,,  the  model  in 
Fig.  11(b)  was  proposed  for  the  determination  of  geometrical 
properties  for  the  Core  501MDD. 

The  geometry  relationships  are  given  here  for  the  pur¬ 
pose  of  calculating  the  hydraulic  radius  r,  and  area  density 

p  o 

a  ft  /ft  in  terms  of  directly  measurable  quantities,  viz., 
porosity,  p,  core  dimensions,  and  the  cell  dimensions.  The 
geometrical  relationships  are  presented  for  the  matrix  type 
Cores  501  and  501M0D.  For  the  steam- to-air  heat  transfer 
test  core  (Core  107)  a  similar  approach  is  used,  taking  into 
account  the  steam  and  air  header  bar  heat  transfer  area,  in 
addition  to  what  is  considered  below,  and  the  p  and  r^  are 
determined  from  the  core  dimensions  and  cell  geometry. 

Porosity 

The  surface  porosity  is  an  important  input  to  the 

geometric  equations.  Once  the  porosity  p  is  determined  the 

2  2 

hydraulic  radius  and  the  heat  transfer  area  density  a  ft  /ftJ 
are  related  by 

P  =  rh  a  (8) 
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The  surface  porosity  p  is  determined  from  the  measure¬ 
ments  of  effective  core  mass,  effective  core  volume  (length 
x  width  x  depth)  and  the  density  of  the  core  material. 
Independently,  the  porosity  p  is  determined  geometrically 
from  the  cell  geometry  to  verify  dimensions  of  the  cell. 

The  actual  porosity  p  is  determined  from 

p  A  void  volume.  _  (total-solid)  volume 
=  total  volume  —  total  volume 

M/Ps 

P  -  1  ~  Y  (9) 

where  M  =  core  mass,  lbm 

-  p  =  density  of  solid  material,  lbm/ft^ 

V  =  core  volume,  ft^ 

Only  the  gross  measurements  are  required  to  accurately 
determine  the  porosity  p.  The  geometrically  relationships 
for  evaluating  the  area  density  a  follows  for  the  two  models. 

Heat  Transfer  Area  Density  for  Ideal  Rectangular  Model 

The  cell  geometry  is  depicted  in  Pig.  11 (a, c).  It  is 
assumed  that  the  total  length  and  width  of  the  fin  centers 
are  same  as  those  of  the  plates;  otherwise  additional  area 
exposed  due  to  difference  in  the  dimensions  can  easily  be 
added  to  the  following  heat  transfer  area  formula. 

Wetted  perimeter  per  cell  P  =  2  (c  +  b  -26)  (10) 

Heat  transfer  area 

excluding  edge  effect  =  P  L  h  (11) 

Heat  transfer  of  edges  A ^  / .  : 

A2  =  n  [2noff{6(c  +  b  -  6)}-  2(nQff-l)  5(c/2  +  5/2)]  '  (12) 


3^ 


Heat  transfer  area  of  plate  1 
edges  on  front  and  back  face  j 

Total  heat  transfer  area 
Heat  transfer  area  density 


A3  =  Opiate  a  w 
A  =  A^  -I-  Ag  A^ 


(13) 

(14) 

(15) 


where 


n  =  no.  of  cells  in  a  flow  cross  section., 
n  =  (W/c)  (nplate-1)  '' 

n  ff  =  no.  of  offset  in  the  flow  length,  n  „„  =  50 
"'X1  for  Cores  501  and  501M0D  011 


n 


plate" 


no , 


of  plates  in  the  test  core 


W  =  width  of  the  test  core 


Knowing  a  from  Eq.  (15)  and  p  from  Eq.  (9) ,  the  hy¬ 
draulic  radius  r^  is  calculated  from  Eq.  (8). 

Heat  Transfer  Area  Density  for  Revised  Rectangular  Model 

The  cell  geometry  is  pictured  in  Pig.  lib.  Here  also 
it  is  assumed  that  the  total  length  and  width  of  the  fin 
centers  are  same  as  those  of  the  plates.  The  center  line 
radius  at  the  fin  and  plate  joint  is  assumed  to  be  R  =  b/4. 

Wetted  perimeter  per  cell  P 

P  =  2  [c  +{b  -  2  (  R  +  6/2,)  }  +  J{(R  -  6/2)+ (R  +  6/2)}]  (16) 

Heat  transfer  area  1  A,  =  P  L  n  (17) 

excluding  edge  effects  J 

Heat  transfer  area  of  edges  A 2 

A2  =  n  [2noff  {  26  (c/2  -  R  -  6/2)}+  J{(R  +  |)2  -  (R  -  |)2} 

+  6  {b  -  2  ( R+6/2 )  }  -  2(n0ff  -  l)  (Blocked  area)] 

(18) 
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where 


Blocked  area 
per  fin 


=  shaded  area  in  the  following  sketch 
1 

=  6  (75-  c  -  2R)  +  area  of  the  sector 

with  the  radius  (R  +  5/2)  and  height  5 

c  /I  „  .  7t(R  +  5/2 )2Q 

=  5  c  -  2R)  +  -  V— -360  —  " 

(R  +  5/2)2sin0  (19) 

2 


where  cos (e/2) 


(R  +  6/2)- a 
R  +  5/2  '  ' 

0.001" 


plate 


a  ¥ 


Total  heat  transfer  area 
Heat  transfer  area  density 


A  —  A^  +  Ag 


A 


a  = 


A 

V 


3 


(20) 

(21) 

(22) 


With  a  from  Eq.  (22)  and  p  from  Eq.  (9);  the  hydraulic 
radius  r^  is  found  from  Eq.  (8). 

Geometrical  Porosity  p  for  the  Ideal  Rectangular  Model 


model 


The  geometrical  porosity  p  for  the  ideal  rectangular 

pi  cJ  U  III 

,  Fig.  ll(a,c)  is  determined  as  follows: 


cell  total  area  =  dc 

cell  solid  area  =  ac  +  5  (c  +  b  -  6) 

—  q  a.c  +  5  (c+b  —  5) 
Pgeom  dc 


(23) 

(24) 

(25) 
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Geometrical  Porosity  p  for  the  Revised  Rectangular  Model 

The  geometrical  porosity  Pgeom  for  the  revised  rectangu¬ 
lar  model'  of  Fig. . lib  is  determined  as  follows:. 

cell  total  area  =  dc  (26) 

cell  solid  area  =  ac  +  5[2(c/2  -  R  -  6/2)  +  •[  b  -  2 

(R  +  6/2)  }  ]  +  7T  t  (R  +  ■§) 

-  (R  -  |)23 

=  ac  +  6(c  +  b  -  4R  -  26  +  mR)  (27) 

ac  +  6(c  +  b  -  0.8584R  -  26)  ,*0\ 
Pgeom  1  dc  '  '■* 
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APPENDIX  III 


COMPARISON  OP  STEAM- TO-AIR  STEADY  STATE  AND  SINGLE  BLOW 
TRANSIENT  HEAT  TRANSFER  TEST  TECHNIQUES 


1. 


Steady 


State  Steam- to-Air  Heat  Transfer  Test  Technique 


In  steam- to-air  steady- state  test  method.,  the  test 
Core  is  a  cross-flow  heat  exchanger.  The  steam  condenses 
steadily  on  one  side  of  the  exchanger,  and  ambient 
temperature  air  flows  on  the  other  side.  The  transfer 
of  heat  from  condensing  steam  to  the  Air  takes  place 
through  the  wall  and  fins  by  conduction  and  convection 
from  the  fluid  swept  surfaces.  The  pressure  drop  on 
steam  side  is  usually  very  small,  and  thus  the  steam  is 
assumed  to  condense  at  a  uniform  temperature  evaluated 
at  an  average  pressure.  As  the  convection  heat  transfer 
coefficient  is  very  high  on  steam  side  [  3]  j  the  wall 
temperature  approximates  the  temperature  of  the  con¬ 
densing  steam.  Thus  the  heat  transfer  to  air  approxi¬ 
mates  a  constant  and  'uniform  wall  temperature  boundary 
condition  (T)  . 


2 .  Single  Blow  Transient  Heat  Transfer  Test  Technique 

In  the  single  blow  transient  test  method,  the  test 
core  is  a  one-fluid- side  exchanger  with  heat  transfer 
only  from  one  fluid  to  the  wall  or  vice  versa.  The  test 
core  is  heated  uniformly  to  a  s teddy  state  about  20  deg 
F  above  the  ambient  temperature.  It  is  then  subjected 
to  a  step  change  in  the  flowing  fluid  (air)  temperature. 
The  fluid  temperature  downstream  of  the  matrix  is  record¬ 
ed.  The  heat  transfer  characteristics  is  determined 
from  the  maximum  slope  of  the  downstream  fluid  tempera¬ 
ture-time  history,  the  upstream  fluid  temperature,  the 
fluid  flow  rate  and  the  physical  properties  of  the  fluid. 
Actually,  in  the  experiments,  two  cooling  curves  and  two 
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heating  curves  of  the  downstream  fluid  temperature  are 
recorded;  and  the  average  of  the  maximum  slope  from  the 
four  traces  is  employed  to  determine  the  convection 
coefficient,  using  the  one  dimensional  analysis  results 
provided  by  Schumann  [2,5].  An  essential  idealization 
of  this  analysis  is  that  the  convection  coefficient  is 
treated  as  uniform  and  constant.  The  result  of  forcing 
the  experimental  results  into  this  model  is  a  mean 
effective  convection  coefficient. 

In  comparing  the  experimental  results  for  h  to 
theoretical  solutions  which  involve  either  the  idealiza¬ 
tion  of  constant  and  uniform  wall  temperature  ©  or 
the  idealization  of  constant  wall  heat  transfer  flux 
©  ,  the  question  arises  as  to  which  set  of  boundary, 

conditions  most  closely  approximates  the  test  conditions. 

As  just  explained,  the  experimental  heat  transfer 
coefficient  h  is  determined  from  the  maximum  slope  of 
the  downstream  fluid  temperature- time  history.  The 
temperature  of  a  small  slug  of  fluid  passing  through  the 
core  and  reached  at  downstream  of  the  core  is  influenced 
by  the  wall  temperature  distribution  over  which  the  slug 
passes.  The  wall  temperature  distribution  is  in  turn 
dependent  on  the  previous  history  of  fluid  flow  over  it. 
Thus  the  downstream  fluid  temperature  and  the  rate  of  its 
cooling  or  heating  up  to  the  point  of  maximum  slope  de¬ 
pends  upon  the  wall  temperature  distribution  from  the 

time  t  =  0  to  t  and  the  space  x  =  0  to  L.  As  a  result, 

ms  ^ 

the  experimentally  determined  h  is  ensemble  average  over 

space  x  =  0  to  L  and  time  t  =  0  to  t  . 

ins 

It  was  hypothesized  by  Klopfer  and  Young  [8,12] 

that  as  the  N,  and  hence  h  is  determined  from  the  max- 
tu  i 

i mum  slope  of  the  downstream  fluid  temperature -time 
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history,  the  h  was  dependent  on  the  fluid  and  wall  tem¬ 
perature  distribution  in  the  core  at  time  t*  =  t*  .  To 

ms 

approximately  determine  the  wall  boundary  condition  for 
the  heat  transfer,  the  non-dimensional  fluid  and  wall 
temperatures  from  [2]  were  plotted  in  Fig.  12  at  time 

*  -Jfr 

t  =  for  several  magnitudes.  It  was  concluded 
from  these  figures  (Fig.  12)  that  the  constant  surface 
•temperature  (T)  ,  is  not  close  to  the  reality  over 
range  3  to  30.  At  low  N,  (<  5)*  however,  the  constant 
wall  heat  flux  (H)  ,  corresponding  to  approximately 
constant  wall  to  fluid  temperature  difference  appears 
to  be  approximated  over  a  significant  portion  of  the 
flow  length.  Consequently,  the  laminar  flow  theory 
heat  transfer  solutions  for  (H)  boundary  condition  were 
used  to  compare  with  the  experimental  data  in  [8,12], 
even  though  there  appears  t6  be  a  condition  of  increasing 
h&kt  flux  (increasing  temperature  differences)  with  flow 
length  as  the  N.  increases  beyond  3. 

A  review  of  thirteen  long  cylindrical  passage  type 
Matrices  tested  at  Stanford  [3*7*8,12,13]  revealed  that 
the  experimental. heat  transfer  data  were  lower  by  10  to 
30  percent  in  all  test  cores  when  compared  with  (H) 
solutions.  The  excellent  agreement  of  the  test  results 
of  Core  501M0D  with  Core  107  at  low  N.  (corresponding 
t6  high  Reynolds  number)  in  Fig.  6  indicates  that  the 
convection  behavior  (h  or  j )  approaches  the  (T)  bound¬ 
ary  condition  behavior  as  observed  in  the  steam-to~air 
heat  transfer  testing  of  Core  107.  Consequently,  it 
was  considered  advisable  to  reexamine  the  approximate 
wall  boundary  condition  for  the  single  blow  transient 
heat  transfer  testing  method.  This  is  done  in  Fig.  13 

where  the  wall  temperature  t*  and  the  temperature 

s 
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difference  (t-  -  tQ)  are  plotted  as  functions  of  the 

1  *  b  * 
axial  position  x  and  the  dimensionless  time  t  for  the 

range  of  3  to  30. 


For  <  2,  the  maximum  slope  for  the  downstream 
fluid  temperature-time  history  occurs  at  time  x  -  0  [2]. 
Hence,  for  <  2,  the  constant  and  uniform  wall  tem¬ 
perature  boundary  condition,©  ,  for  the  heat  transfer^ 
is  an  exact  representation.  From  Fig.  13,  over  most  of 
the  time  t  (from  r  =  0  to  t  =  ,  the  wall  tempera- 

ture  may  be  reasonably  approximated  as  constant  for  N.^ 
between  2  and  3.  Thus  the  ©  boundary  condition  is 
the  appropriate  for  the  single  blow  technique  with  the 
maximum  slope  data  reduction  method  for  <  3- 

However,  the  single  blow  test  technique  is  normally 

restricted  to  >  3  as  the  uncertainty  associated  with 

the  maximum  slope  data  reduction  method  is  very  high  [5]. 

Thus  from  the  above  discussion,  at  the  test  core  N, 

tu 

around  3  (the  trailing  edge  of  the  N+  range  of  the 
single  blow  method),  the  heat  transfer  data  would  be 
expected  to  correspond  to  ©  boundary  condition. 


In  contrast,  reviewing  Figs.  12  and  13,  it  appears 
that  the  (H)  boundary  condition  seems  to  be  the  more 

"%r  , 

appropriate  over  most  of  the  time  up  to  •  x  for  N.  of  .4 

ms  Du 

and  5.  This  implies  that  there  would  be  a  drop  of 

about  20  percent  (the  difference  between  ^  and 

N,T  m)  in  the  heat  transfer  results  for  the  test 
Nu,T' 

core  N.  from  about  5  to  3.  However,  examinations  of 
test  results  of  matrices  tested  at  Stanford  do  not 
reveal  this  trend.  The  heat  transfer  characteristics 
iN„  =  N,t  IC1^  is  found  to  be  essentially  constant 
for  the  tested  matrices  confirming  that  the  is  con¬ 

stant,  as  anticipated  by  the  theory  for  laminar  flow  in 


^3 


long  cylindrical  passages  for  either  ©  or  ©  conditions 
but  not  for  a  "mixture"  of  the  two. 


From  Fig.  13  at  high  N,  (>20),  examining  the  tempera- 

of  y-  ^  W 

ture  difference  (tf  -  tg),  it  appears  that  for  a  constant 
value  of  h,  the  heat  flux  first  increases  and  then  decreases 
exponentially  over  the  length  of  the  core.  According  to 
Hall  et  al.  [14],  the  fully  developed  laminar  flow  heat  trans 
fer  coefficient  h  is  higher  for  the  exponentially,  increasing 
heat  flux  compared  to  a  constant  heat  flux;  while-  for  expo¬ 
nentially  decreasing  heat  flux,  the  h  is  lower.  It  seems,  at 
high  as  a  result  of  these  compensating  influences,  that 

the  overall  effect  is  to  approach  the  value  of  h  correspond¬ 
ing  to  constant  heat  flux  boundary  conditions  ©  . 


To  summarize,  it  appears  qualitatively,  on  theoretical 
grounds,  that  the  h  at  low  N.  approaches  ©  boundary 
condition;  at  high  N.  the  h  approaches  ©  boundary  con¬ 
dition,  and  at  intermediate  value  of  N.  it  will  be  in  be¬ 
tween.  However,  this  result  would  show  up  as  a  j-NR  charac¬ 
teristic  on  log  log  coordinates  having  a  slope  less  than  -1 
for  fully  developed  laminar  flow  surfaces,  but  this  has.  not 
been  observed  [3*13].  At  this  point,  it  should  be  mentioned 
that  passage- to-passage  nonuniformities  may  also  be  used  to 
rationalize  the  observed  lower  characteristics  of  the 

13  test  cores  that  were  reviewed. 


To  resolve  the  open  question  as  to  whether  or  not  the 
©  or  ©  boundary  conditions  are  most  appropriate  for 
the  transient  technique,  it  is  recommended  that  at  least  two 
different  well  defined  heat  transfer  surfaces,  be  carefully 
tested  to  compare  the  results  with  the  theory.  Such  a  test 
matrix  could  be  made  up  out  of  circular  tubes  with  D  X0.05 
inch,  as  an  example,  and  one  or  more  such  matrices  should 
be  tested  over  a  wide  range  of  Np  and  N,  . 
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